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INTRODUCTION
Compared with conventional thread connecting pipe, coiled tubing has the advantages of quick operation, high efficiency, safety and reliability [1] . It has been widely used in oil and gas field drilling, well completion, oil recovery and other operations [2] [3] . During the operation of coiled tubing, the stress state of the coiled tubing is complex. It not only suffers from many plastic bending deformations, but also is subjected to internal pressure, so the fatigue life of the coiled tubing is greatly limited [4] [5] . At the same time, the service environment of coiled tubing is rugged, and it is easy to cause the volumetric defects such as depression, incision and so on, which cause mechanical damage or corrosion on the coiled tubing surface. The stress concentration in the defect zone will aggravate the crack propagation and lead to premature fatigue failure of coiled tubing [6] [7] .
The ultra-low cycle fatigue behavior of coiled tubing makes it very important to study its fatigue prediction. A large number of coiled tubing fatigue life prediction models have been developed all over the world. The United States Tipton [8] [9] [10] , according to a large number of experimental results for the study of multiaxial low cycle fatigue failure theory, based on the fatigue damage accumulation theory of linear Miner established a life prediction model, found that the coiled tubing internal pressure under the condition of small prediction results are satisfactory. The stress analysis and strength check of the pre bending coiled tubing were carried out by Professor Li Zifeng [11] of Yanshan University. The stress cycle characteristics of the pre bending coiled tubing were analyzed in the field operation. On the basis of the fatigue test data under symmetrical cyclic and pulsating cycles, a mathematical model for predicting the fatigue life of pre bending coiled tubing under arbitrary cyclic conditions is established by using the mathematical method of fitting and interpolation. Wang Youqiang [12] of Qingdao Institute of architectural engineering and Zhang Siwei of China University of Petroleum converted the low cycle fatigue strain life relationship of coiled tubing into the stress life relationship, and obtained 1.5 empirical life formula. The probability distribution model of fatigue life of coiled tubing is determined by using fuzzy Bayes theory, and the prediction model of fatigue life and the main factors affecting the fatigue life are obtained. In this study, coiled tubing with surface defects was studied, and the fatigue life model of coiled tubing was established to provide guidance for field construction of coiled tubing.
II. FATIGUE LIFE TEST OF COILED TUBING
Coiled tubing fatigue life test is divided into 2 sets of experiments, which are divided into no surface defects and fatigue tests with surface defects. The fatigue life test of coiled tubing with no surface defect is divided into no internal pressure and internal pressure, the pressure grade is 0-7000psi, and 3 specimens of each pressure grade are tested. The fatigue life test of coiled tubing with surface defects is divided into three kinds, including axial defect, circumferential defect and square pit defect. The pressure level is 0-7000psi.
The tube specimen selected for coiled tubing fatigue life test is taken from finished product QT800 coiled tubing (2.375" diameter and 0.156" wall thickness), the length of the fatigue specimen is 60 ". The performance of the material is shown in In order to simulate the defects on the surface of coiled tubing during actual service, artificial defects were manufactured on the surface of coiled tubing, as shown in Figure 1 . 
A. The Effect of Internal Pressure on Fatigue Life
The pressure test of coiled tubing without surface defect is carried out, and the low cycle fatigue life of coiled tubing under different internal pressure conditions is explored, as shown in Figure 2 . From Fig.2 , we can see that with the increase of coiled tubing internal pressure, the low cycle fatigue life of coiled tubing decreases. When the internal pressure of the coiled tubing is increased to 2000psi, the fatigue life of the coiled tubing decreases about 40% compared to the non internal pressure. With the internal pressure increasing to high pressure of 4000psi, the fatigue life is only 20% of the non internal pressure condition, and the internal pressure seriously affects the service life of the coiled tubing. When the internal pressure is greater than 4000psi, the decreasing trend of the fatigue life of coiled tubing tends to be slow, and the life remaining of the coiled tubing is little, about 10% of the fatigue life without internal pressure. 
B. The Effect of Surface Defects on Fatigue Life
When the defect length x=0.125"and the defect width w=0.125", the fatigue life of the coiled tubing with different depth of the defects is explored in different internal pressure, and the effect of the surface defect depth on the low cycle fatigue life of the coiled tubing is obtained, such as Figure 3 . From Figure 3 , it is found that when the depth of the surface defect reaches about 40% of the coiled tubing wall thickness, the fatigue life of the coiled tubing at low pressure decreases by about 70% compared to the non surface defect. Surface defects seriously affect the service life of coiled tubing, so we should try to avoid further enlargement of the surface defects of coiled tubing. In the high pressure area, the effect of surface defects on the fatigue life of coiled tubing is less. It is found that the main cause of this phenomenon and the formation of the crack are related to the expansion. In the case of no surface defects, the surface crack of the coiled tubing is relatively long under low pressure, and the crack formation period takes a large proportion in the whole fatigue life, so the effect of surface defects is obvious. Under high pressure, the formation cycle of the coiled tubing surface crack is short, and the effect of surface defects on the fatigue life of coiled tubing is relatively small [8] . Therefore, the effect of surface defects on the fatigue life of coiled tubing under high pressure is smaller than that of low pressure. If the effect of corrosion and acidification is taken into account, the fatigue life of the coiled tubing will be reduced, which leads to the unavailability of the internal pressure of the coiled tubing to the high pressure area. When the defect length is x=0.125"and the defect depth is d=0.02", the influence of the width of the surface defect on the low cycle fatigue life of coiled tubing is analyzed, as shown in Figure 4 . In the low pressure area, when the width of the surface defect reaches 15% of the diameter of coiled tubing, the fatigue life decreases to about 50% of the previous experiment. With the increase of the width of the surface defect, the fatigue life of the coiled tubing decreases as well. When the width of the surface defect reaches about 30%, the fatigue life is only about 25% of the initial fatigue life. Therefore, when the width of the coiled tubing surface defect reaches the 15%-30% of the pipe diameter, it is necessary to pay strict attention to the use of the coiled tubing, or to cut off the coiled tubing body, so as to reduce the impact on the overall life of the coiled tubing. When the defect depth is d=0.02 "and the defect width is w=0.125", the influence of the length of the surface defect on the life of coiled tubing is analyzed, as shown in Figure 5 . With the increase of the length of the defect, the service life of the coiled tubing is slightly increased in the low pressure area, because with the increase of the surface defect length, the strain concentration factor of the coiled tubing becomes smaller, so the fatigue life of coiled tubing will be increased slightly. Through experimental comparison, it is found that the fatigue life of coiled tubing decreases with the increase of internal pressure. When the internal pressure reaches 4000psi, the fatigue life of the specimen without internal pressure coiled tubing is reduced by about 80%. By comparing the fatigue life results of the coiled tubing and surface defect damage specimens with no surface defects in low pressure area, it is found that the surface defects have a great influence on the fatigue life of the coiled tubing. The influence degree from large to small of surface defect on coiled tubing fatigue life is: circumferential defect, square pit defect and axial defect.
III. FATIGUE LIFE PREDICTION OF COILED TUBING WITH SURFACE DEFECTS
In engineering application, the bending radius of coiled tubing is much smaller than that of permissible bending radius, and the stress concentration caused by the defect causes the coiled tubing into elastoplastic state, and the relationship between stress and strain is nonlinear, which leads to the plastic strain becoming the main factor affecting the fatigue life of the coiled tubing. In fact, the maximum local strain is determined for the coiled tubing fatigue life. Therefore, the local strain method is applied to predict the fatigue life [14] .
When the coiled tubing has cyclic bending under constant bending radius and internal pressure, its stress concentration factor (Kσ) is:
In the type: εe stands for the equivalent bending strain of coiled tubing under non internal pressure condition; εx stands for the actual bending strain of coiled tubing under internal pressure condition.
The fatigue life of coiled tubing is affected by the axial mean bending strain amplitude caused by bending and straightening, and the effect of the mean circumferential stress caused by internal pressure. The local strain method proposed in this paper is based on the fatigue life data of the coiled tubing based on the extremely low internal pressure. Therefore, it can be assumed that the average bending strain amplitude is the only factor affecting the fatigue life of the coiled tubing. The stress concentration factor (Kσ) is expressed by the ratio of circumferential stress to yield strength (σh/σs). As shown in Figure 6 . The geometric relationship between the stress concentration factor (Kσ) and the ratio of the circumferential stress to the yield strength (σh/σs) is obtained by fitting with the data processing software Origin.
In the type: a1, b1 is the empirical constant of pressure concentration factor of coiled tubing. a1=3.9616, b1=2.0908.
The strain concentration factor (K) is defined as the ratio of effective strain range at the root of the defect, which is related to the defect life and the equivalent strain range:
In the type: εd stands for the equivalent bending strain of coiled tubing with surface defects under internal pressure condition; εe stands for the equivalent bending strain of coiled tubing under non internal pressure condition.
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For the calculation of low cycle fatigue life of coiled tubing with surface defects, it is necessary to consider the influence of the shape and size of surface defects. Therefore, the surface defect severity parameter Q is introduced to express the effect of surface defects on the fatigue life of coiled tubing [15] :
In the type: d is the depth of surface defects of coiled tubing; s is the wall thickness of coiled tubing; w is the width of surface defects of coiled tubing; x is the length of surface defects of coiled tubing; Ap is the projection area of coiled tubing surface defects to cross section.; Ac is the bearing section area of the coiled tubing at the surface defect.
Through the experimental data of coiled tubing low cycle fatigue, we can get the relationship between the defect severity parameter Q and the strain concentration factor (K), as shown in Figure 7 . With the help of data processing software Origin, the geometric relationship between strain concentration factor and defect severity parameter Q is obtained:
In the type: a2, b2 is the empirical constant of strain concentration factor of coiled tubing. a2=0.96, b2=1.642.
Fatigue life prediction of QT800 coiled tubing with surface defects can be obtained through Manson-Coffin formula [16] and formula (1), (3):
In the type: c, b is the material parameters of coiled tubing with surface defects c=0.1052, b=-0.3348.
IV. ERROR ANALYSIS OF PREDICTION MODEL
The prediction model is used to calculate the coiled tubing with the defect length x=0.125", the defect width w=0.125" and the defect depth d=0.02". At the same time, compared with the low cycle fatigue test, the contrast curve is shown in Figure 8 , and the contrast results are shown in Table 2 . The calculation results show that under given conditions, the fatigue life of the coiled tubing test and the theoretical fatigue life is basically consistent, the maximum error is 13.33%, the average error is 8.85%, and it is within the range of engineering precision.
V. CONCLUSION
(1) The experimental results show that the fatigue life of the coiled tubing is seriously affected by the internal pressure when it ranges from 1000 to 4000psi. When the internal pressure reaches 4000psi, the fatigue life of the coiled tubing is only 20% of the non internal pressure condition.
(2) It is found that when the depth of the surface reaches about 40% of the wall thickness of the coiled tubing, the fatigue life is reduced by about 70% compared with that without the surface defect under low internal pressure. When the width of the surface defect reaches 30% of the diameter of the coiled tubing, the fatigue life is only about 25% of that without defects. The increase of surface defect length makes the strain concentration factor of coiled tubing smaller, and it will increase the low cycle fatigue life of coiled tubing. The influence degree from large to small of surface defect on coiled tubing fatigue life is: circumferential defect, square pit defect and axial defect.
(3) Using the established life prediction model to calculate the coiled tubing with defect length x=0.125", defect width w=0.125" and defect depth d=0.02", the fatigue life of coiled tubing test and theoretical fatigue life is basically consistent, the maximum error is 13.33%, the average error is 8.85%, and it can meet the requirements of engineering precision.
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